The review summarizes our current understanding of the function of the fatty acid translocase, CD36, in lipid metabolism with an emphasis on the influence of CD36 genetic variants and their potential contribution to obesity-related complications.
Introduction
Obesity is a major health burden that can contribute to the risk of life-threatening metabolic complications. Its pathogenesis involves the dysregulation of energy balance as a result of altered complex interactions between environmental and genetic factors. It is well established that there is a broad range of interindividual variability in serum lipid profiles and that this variability impacts susceptibility to diseases such as the metabolic syndrome, diabetes, or coronary artery disease. Recent research on the scavenger receptor CD36 has highlighted its contribution to individual differences in serum lipids and to some of the metabolic complications of obesity. CD36 functions in the uptake of long-chain fatty acids (LCFAs) and oxidized low-density lipoproteins (oxLDLs). Although early studies suggested that CD36 does not transfer lipid from native lipoproteins, this assumption has been revised based on the recent findings implicating CD36 in the metabolism of low-density lipoprotein (LDL) [1,2] and high-density lipoproteins (HDL) [3] . Signal transduction triggered by CD36 ligand binding involves the protein in cellular pathways relevant to some of the metabolic complications of obesity such as insulin resistance, inflammation, atherosclerosis, and thrombosis as previously reviewed [4] [5] [6] [7] [8] [9] [10] .
CD36 is a class B (two transmembrane regions) scavenger receptor originally identified as a platelet glycoprotein in a thrombocytopenic patient with refractoriness to human leukocyte antigen-matched platelet transfusion [11] . The protein is ubiquitously expressed on a variety of cell types, including adipocytes, myocytes, monocytes, macrophages, platelets, hepatocytes, vascular endothelial cells, and intestinal enterocytes [9, 10] . Deficiency in CD36 occurs in 3-10% of African and Asian populations and is less common in populations of European descent [12, 13] . CD36 deficiency has been characterized as type I or II on the basis of platelet and/or monocytes expression (type I, both monocytes and platelets lack CD36; type II, platelet-negative and monocyte-positive for CD36) [14] and little is known about how expression in these cells relates to other tissues. Historically, the relationship between CD36 expression and metabolic health has been unclear [15] [16] [17] [18] [19] . CD36-deficient individuals have been reported to exhibit a defect in myocardial uptake of LCFA, slow clearance of plasma fatty acid (FA) after an oral meal, and abnormalities of chylomicron formation. Studies on a small number of deficient patients reported high LDL cholesterol concentrations [15] [16] [17] [18] [19] . Although these findings suggest that CD36 deficiency is metabolically detrimental, a number of studies propose an opposing view by showing that a reduction of CD36 level is beneficial and may be atheroprotective [20 ] . Consistently, increased concentrations of a circulating soluble form of CD36 or high CD36 levels on monocytes have been associated with insulin resistance and with elevated serum levels of inflammation markers [21] [22] [23] . Some clarification of these apparently contradictory findings has been provided by genetic studies as highlighted in the following sections.
Genetic studies have provided valuable insight into the potential physiological role of CD36 in humans. Earlier studies showed that mutations in the gene (located on chromosome 7q) associated with insulin resistance, low adiponectin level, and type 2 diabetes [24] . Using quantitative trait loci mapping, the CD36 gene region ($300 kb) was linked to circulating lipid concentrations [25] [26] [27] . Among the early single-nucleotide polymorphism (SNP) association studies, Ma et al. [28] was the most extensive analysis of CD36 variants in any population and provided a reference for subsequent work. Interest in the genetics of CD36 has recently increased and this review will summarize the knowledge gained regarding the metabolic influence of CD36 genetic variants and their potential contribution to obesityrelated complications.
CD36 role in dietary lipid perception, absorption, and storage
The following section will first present a brief overview of what is known about CD36's role in lipid metabolism emphasizing the aspects that have been consistent with the genetic discoveries.
Processing of dietary fat
A fascinating research area of late relates to the function of CD36 in fat taste perception. CD36 is localized on lingual taste bud cells in the circumvallate papillae, where it was shown to mediate FA perception and the initiation of the cephalic phase of digestion [29] [30] [31] . Zhang et al. [32 ] reported a significant reduction of CD36 expression in circumvallate taste buds in highfat diet induced obese rats when compared to controls. They suggested that decreased expression of CD36 mRNA and protein in this cell type diminishes sensitivity to fat taste, in turn increasing the intake of fatty foods as a compensatory response. In contrast to reduced CD36 levels, complete deficiency appears to diminish fat intake possibly as a result of postingestive effects of delayed absorption [31] . In humans, greater preference for fatty foods and their increased consumption have been documented in obese individuals [33] . It has been suggested that the increased fat intake may reflect an attenuation of oral and gastrointestinal FA sensitivity in obesity [34] . Little is known about whether CD36 functions in fat taste perception in humans. Recently, the protein was identified by immunohistochemistry in human taste buds of the circumvallate papillae [35] . The work currently underway suggests that common CD36 SNPs that were shown to influence CD36 expression may influence fat taste perception (M. Y. Pepino, personal communication).
Great progress has been generated related to the proteins that function in intestinal processing of dietary lipids, but the mechanisms underlying dietary lipid absorption remain incompletely understood as recently reviewed elsewhere [36, 37] . As dietary fats are ingested, chylomicrons ($82% triglyceride, 9% cholesterol, 7% phospholipid, and 2% protein) are synthesized in absorptive enterocytes to transport fat, cholesterol, and fatsoluble vitamins from the villi of the small intestine into the bloodstream [38] . In the proximal small intestine, CD36 is abundantly expressed on villus enterocytes of rodents where it facilitates FA and cholesterol uptake, but its contribution to net absorption is small and predominantly manifested in a shift of fat absorption to more distal parts of the intestine [39] .
CD36 may, however, be required in coordinating the incorporation of FA and cholesterol into triglycerides for chylomicron production via its ability for signal transduction [39] and/or by facilitating assembly and endoplasmic reticulum budding of the prechylomicron transport vesicles [40] . There is evidence for its role in chylomicron synthesis from both CD36-deficient rodents [41] and humans [42] , where the production of smaller chylomicrons and prolonged postprandial hypertriglyceridemia were documented. In line with this, two common SNPs were identified that associated with reduced plasma concentrations of vitamin E, which is secreted by enterocytes into chylomicrons (SUpplementation en VItamines et Miné raux AntioXydants, n ¼ 621 and the adolescent cross-sectional HELENA; Healthy Lifestyle in Europe by Nutrition in Adolescence, n ¼ 993) (Table 1) . CD36 was also shown in rodents to mediate
Key points
Recent studies implicate CD36 in dietary fat taste perception, absorption, and storage in humans. Partial versus complete CD36 deficiency may result in differential metabolic effects: protection versus predisposition to disease risk, respectively. Common CD36 genetic variants contribute to the interindividual variability in fasting lipid concentrations and to the risk of obesity-related complications. SNPs are listed based on chromosomal position. Average minor allele frequencies (MAFs), average r 2 and captured SNPs were generated in the TagSNP program. 'Tag associated traits' refers to parameters reported to associate with the SNPs (listed in the Tag SNP column). 'Captured SNP-associated traits' refers to phenotypes reported to associate with the polymorphisms in the 'Captured SNPs' column as noted by the corresponding superscripts letters a-h. For example, LDL-associated TagSNP rs2151916 is in linkage disequilibrium with the 'captured SNP' rs3211816, which was reported to associate with BMI, WC, and BMI-dependent insulin sensitivity [49] . DHA, dehydroascorbic acid; FFA, free fatty acid; MetS, metabolic syndrome; MI, myocardial infarction; TAG, triacylglycerol; WC, waist circumference. HapMap populations (ASW, African ancestry in Southwest USA; CEU, Utah residents with Northern and Western European ancestry from the CEPH collection; JPT, Japanese in Tokyo, Japan).
the effect of glucagon-like peptide-2 (GLP-2) on chylomicron formation [60] , but whether the same applies to humans remains to be determined. In addition to its role in chylomicron synthesis, CD36 in the intestine is required for transport of the oleic acid needed for the generation of oleoylethanolamide (OEA), a lipid messenger that reduces food intake [61] . OEA administration to mice reduces fat deposition and the main effect appears related to a reduction of lipid transport possibly via CD36 [62] .
There is recent evidence in humans to support the role of CD36 in storage of free fatty acids (FFAs) in adipose tissue. FA storage is an advantageous mechanism that prevents excessive circulating FFA levels, which can have adverse physiological effects [63, 64] and lead to proinflammatory processes that impair insulin receptormediated signaling in adipose, liver, and skeletal muscle [65, 66] . In rodents, significant contributions of CD36 to FA storage in adipose tissue have been shown [67] , but no data were available in humans, until recently. A new study using labeled palmitate tracer examined FFA storage rates in the postabsorptive state in 25 men and 49 premenopausal women [68 ] . When adjusted by adipocyte number, abdominal CD36 protein levels (determined by ELISA) positively correlated with upperbody subcutaneous fat storage rates in women (r ¼ 0.66, P ¼ 0.0001) along with two other lipogenic factors that were tested (acyl-CoA synthetase and diacylglycerol acyltransferase). However, only abdominal CD36 independently predicted upper-body subcutaneous FFA storage similar to plasma palmitate concentrations. These data suggested a role of CD36 in abdominal FFA storage in the postprandial state and a potential impact of CD36 expression on adiposity in that region [68 ] .
CD36 expression associates with obesityrelated complications
Obesity is an independent risk factor for atherosclerosis and cardiovascular disease [69] . A key early event in the development of atherosclerosis is thought to be altered vascular endothelial cell function. The link between obesity and atherosclerosis involves the secretory function of adipose tissue to produce adipocytokines, which affect the integrity of vascular endothelial cells and mediate adipose tissue inflammatory macrophage infiltration [70] . Lipid accumulation in macrophages contributes to foam cell formation and to proinflammatory cytokine secretion, the events critical to atherosclerotic plaque formation.
Animal models have demonstrated increased monocytederived macrophage recruitment to adipose tissue during obesity [71] . CD36 is proposed to mediate crosstalk between adipocytes and macrophages in obese mice models via its proinflammatory function in response to oxLDL uptake and its role in cytokine secretion by macrophages [72 ] . Using various in-vivo and in-vitro strategies, Kennedy et al. recently demonstrated that adipose tissue from CD36 knockout mice was more insulin sensitive and had lower levels of inflammatory markers (i.e. IFN-g and MCP-1) as compared to wildtype mice. Similarly, residential peritoneal macrophages from CD36 knockout mice had a reduced inflammatory profile (lower IFN-g, MCP-1, MIP1a, and TNF-a) basally and in response to oxLDL. Additionally, oxLDL activation of c-Jun N-terminal kinase (JNK), a stressactivated protein kinase related to metabolic deterioration [73] , was shown to be CD36 dependent. Finally, they showed a significantly diminished interaction between CD36 knockout-derived macrophages and adipocytes in vitro [72 ] , suggesting that the lack of CD36 expression results in an anti-inflammatory state and is metabolically protective.
CD36 genetic variants in risk of obesity and related complications
Recent genetic association studies have yielded differing results related to the contribution to obesity by common variants in the CD36 gene. Bokor et al. [50 ] identified four CD36 SNPs (rs3211867, rs3211883, rs3211908, and rs1527483) with association to the measures of obesity. These SNPs could not be confirmed in a large metaanalysis study by Choquet et al. 2011 [74] in 9973 European individuals. However, as shown in Table 1 , other CD36 SNPs associated with waist circumference and BMI in another study by Heni et al. [49] of European individuals (n ¼ 1790) at increased risk to type 2 diabetes. Interestingly, in the same study, associations between CD36 SNPs and insulin sensitivity (derived from hyperinsulinemic euglycemic clamp, n ¼ 523) were identified and were BMI dependent consistent with a primary effect on BMI [49] .
A number of common CD36 SNPs (minor allele frequencies >5%) have been identified to associate with various metabolic traits and obesity-related complications. Many of these SNPs are in strong linkage disequilibrium as shown in Fig. 1 and Table 1 . Using available HapMap genotype data (release 27), we analyzed the traitassociated CD36 SNPs in TagSNP (http://manticore. niehs.nih.gov/) to summarize the correlations between variants and associated phenotypes (Table 1) .
Studies evaluating CD36 SNPs in association with lipid concentrations and metabolic disease status have been quite consistent in contrast to those related to obesity measures. Previous association studies have related CD36 polymorphisms to abnormal serum FA [28] and LDLs [48, 58] . CD36 SNPs were correlated with diabetes-associated coronary artery disease (CAD) risk in Caucasians [28] and Korean populations [75] . We identified associations between multiple CD36 SNPs and susceptibility to the metabolic syndrome (MetS) and with serum HDL cholesterol in a large African-American cohort from the Hypertension Genetic Epidemiology Network (HyperGEN) [52] . The minor allele of nine common CD36 SNPs associated with increased serum HDL and that of seven SNPs associated with reduced HDL. These observations suggested that the role of CD36 in human HDL metabolism might be underappreciated. A role for CD36 in the MetS was also suggested in Puerto Ricans, another population with high prevalence of obesity. The latter study by Noel et al. [59] tested previously published CD36 SNPs for association in a Puerto Rican cohort (n ¼ 1178) using multivariate linear regression models. Patients homozygous for the rs1049673 G-allele [1.89, 95% confidence interval (CI) 1.0-3.5, P ¼ 0.04] had an increased risk of MetS and a trend for rs3211931 TT-genotype (1.77, 95% CI: 1.0-3.1, P ¼ 0.05) was noted.
Cardiovascular disease and heart function
A potential role for CD36 in cardiovascular disease and in heart function is supported by genetic studies. In a genome-wide association (GWA) study from the Heart and Aging Research in Genomic Epidemiology consortium, 15 CD36 SNPs tagged by rs3211928 associated with the risk of stroke (P-values of 10 À6 ) [56 ] . CD36 SNPs have also been identified to associate with left ventricular mass [53] . The involvement of CD36 in left ventricular function is further supported by a recent association study of 255 hypertensive European families comprising 1425 individuals [43] .
As shown in Table 1 , many of the SNPs occur at frequencies greater than 10%, suggesting their potential clinical relevance; unfortunately, few studies have addressed the functional impact of most of these variants. The coding variant rs3211938, which is specific to populations of African ancestry and predicted to result in a truncated CD36 protein, was shown to associate with CD36 deficiency [12, 52] . Two studies to-date have examined the influence of common CD36 SNP on expression of the gene and protein in monocytes and platelets. We determined that the influence of SNPs previously identified to associate with fasting serum HDL-cholesterol concentrations in an African-American cohort impacted monocyte CD36 protein levels and causality was inferred by Mendelian randomization analysis [20 ] . We also showed that monocyte CD36 protein level inversely associated with HDL and positively with very low density lipoprotein. Some of the associations between SNPs and CD36 levels we identified were confirmed in another study, which addressed SNP effects on platelet CD36. This GWA analysis in a Caucasian cohort (n ¼ 374) by Ghosh et al. [45 ] documented that interindividual variability in platelet CD36 surface expression is largely attributed to CD36 variants. Twentythree CD36 SNPs met genome-wide significance with the strongest association at rs3211870. Many of these SNPs were also significant in previously reported association studies as shown in Table 1 . Moreover, Ghosh et al. showed that platelet CD36 expression levels influence the activation response to oxLDL in vitro using platelets derived from the healthy donors. Future studies are needed to determine whether genetically determined variability in CD36 expression may influence additional parameters of platelet activation, as CD36 was recently shown to be involved in calcium influx leading to the release of arachidonic acid and formation of proinflammatory prostaglandins [76] .
Conclusion
In summary, although common CD36 genetic variants are not strongly associated with the measures of obesity, it is clear that they contribute to individual variability in lipid profiles and to the susceptibility to obesity-related complications. On the basis of their common prevalence, CD36 genetic variants may be useful in designing better strategies for the prevention and treatment in high-risk individuals. A potentially important conclusion that is suggested by the genetic studies and that should be explored further is that of a differential effect of partial versus complete CD36 deficiency. Studies with CD36-deficient subjects [15] [16] [17] [18] [19] versus those with reduced CD36 levels [20 ] as a result of common CD36 SNPs indicate that lower CD36 expression is metabolically protective. In contrast, complete CD36 deficiency similar to CD36 overexpression may predispose to metabolic complications. This suggests that there may be a 'metabolically protective' range or threshold effect of CD36 expression. More studies are needed to determine the contribution of common SNPs to the molecular regulation of CD36 expression and its tissue-specific functions. Such information is needed to improve our understanding of how CD36 SNPs may impact specific obesity-related phenotypes and complications.
